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ABSTRACT

Many research works had been carried out to study aerodynamic behavior of
different ground vehicles in order to enhance thsiability and determine the
aerodynamic forces acting on them. The present wodused on studying the
aerodynamics of a bus model that resembles actuakimg buses. The study
considered the pressure distribution around the teslel and determination of lift
and drag forces acting. Two cases were considese@jght orientation of the bus
model (i.e. parallel to the air stream) and wher thus model was yawed by an angle
of 10° to the direction of air stream.

KEYWORDS: Bus aerodynamics, wind tunnel tests, lift, Drade orce.

NOMENCLATURE
A Frontal Projected Area of the Bus Modef: m
AL Lateral Surface Area of the Bus Modef m

Ay Upper or Lower Surface Area of the Bus Model, m

Co Total Drag Coefficient, -

Cop  Total Drag Coefficient Measured by Force Dynamomete
Cor Friction Drag Coefficient, -

Com  Total Drag Coefficient Measured by Pressure Measents, -
Cop Form Drag Coefficient, -

C. Lift Coefficient, -

Co Coefficient of Pressure, -

D+ Total Drag Force, N

P Pressure, Pa
Po Free Stream (Reference) Pressure, Pa
Vv Free Stream Velocity, m/s

x/L Dimensionless Horizontal Distance From the @rigoint
z/H Dimensionless Vertical Distance from the Orifioint
0 Angle Between the Flow and the Area Vector, Degree

1. INTRODUCTION

Many works have investigated ways in order to enbamerodynamic properties of
bodies and vehicles. This enhancement aimed t@dserdrag force reduce power and
fuel consumption. Such ways have been illustrategiarks like those of Hwang and
Yang [1], Anderson and Szewczyk [2], Rathakrishifizglp Unal and Rockwell [4],
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Apelt et al. [5] and Kwon and Choi [6]. Another derto be considered is the lift force.
In cars, buses and trains it is required to mininitg value in order to increase their
stability on the ground, while for aero-planes,ré@asing lift is required. This can be
shown in the works of Hemida and Krajnovic [7], Cle¢ al. [8] and Sterling et al. [9].
Other works have focused on the effect of crosswitdich results in side forces,
turning moments and yawing moments. Normally thésees and moments are
required to be decreased which was investigatedoirks as that of Cheli et al. [8],
Sterling et al. [9], Baker and Reynolds [10], Chid], Chiu and Squire [12], Copley
[13], Suzuki et al. [14], and Hoppmann et al. [15].

Some methods of drag reduction for bodies wereqaeg by changing the profile
of these bodies, attaching after-bodies or splgtates [7], [8], [16], [17] and [18].

In order to enhance aerodynamic properties for ahctuorking vehicle, full
studies of flow behavior around the designated clehimust be conducted.
Unfortunately very few papers have been issuetigfield except for some studies as
those of Allam et al. [19] and Cheli et al. [8].

In the present work, analysis of the aerodynamaperties of a bus model was
carried out in order to understand its aerodyndedédures. This study will be on a
scaled bus model which resembles local buses thaley work in Egypt.

The main aim of the present work is to investigdie flow behavior over the
model and to calculate the lift and drag coeffitsemsing pressure measurements and
using a drag force dynamometer. The obtained sesué to introduce an integrated
picture of the flow and aerodynamic effects onlthe model for a range of different
values of Reynolds numbers.

2. EXPERIMENTAL PROCEDURE

The behavior and the properties of the flow wetslisd at two positions simulating
two working conditions; the first is at zero yawiaggle simulating a straight forward
path of the bus model and the second position vitis awawing angle chosen to be
10° simulating rotation of the bus model or crosghacting on it.

In Fig. (1) the layout of the bus is shown. It lasoverall width of 90 mm, an
overall height of 99 mm (excluding the tires) amdaverall length of 350 mm. The
origin point of the used coordinate system andpbsitions of pressure taps used to
measure the static pressure on the bus surfa@sarshown.

It is considered that all sides of the model héeedctual scaled details of a real bus
(windows, doors, steps, etc). The only side thatsdwot have the actual scaled details
Is the bottom side because the actual details@mlex to be simulated and also for
experimental reasons of fixation.

Aerodynamic experiments were carried out in an apeuit wind tunnel with a
test section of dimensions of 300x300x500 mm aadhthspeed in the test section can
reach a maximum velocity of 50 m/s. In order to date the actual working
conditions, ground was constructed using woodeteplehe plate was 4 mm thick,
250 mm wide and with length of 400 mm. The smailtkhess was used for not to
affect the turbulence level of the air free stredime wooden ground was fixed to the
wind tunnel by means of four rods. Two methods ightfon of the model to the
wooden ground were used. The first was a tdtadtibn with the ability of changing
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Figure 1: Schematic drawing of the model showirggpositions of origin point and
pressure taps.

the yawing angle of the model, while the secondhodtpermitted a constrained
motion in the free stream direction. Using thetfirethod the pressure distribution and
flow visualization of the bus model were possibldile the second method allowed
for drag measurement using a force dynamometer.

In order to investigate all the aerodynamic prdpsrtof the model, several
qualitative and quantitative techniques were cdroiet. Flow visualization was carried
out using two experiments; namely tufts and smdkehe tufts experiment, woolen
threads were fixed along the left, right and tagesiof the model; these threads (tufts)
show the direction of the flow around the modeleThst was filmed by a digital
camera of 25 fps. The test was carried out atedacities of 10, 20 and 30 m/s which
correspond to Reynolds number values of 53580, @Dahd 160740 respectively for
both yawing and zero yawing positions. In the smekperiment, a smoke generator
was used to generate fine particles of evaporated be injected in the free stream at
the center plane of the model. This test was chwig to inspect the boundary layer
and the flow behavior at the top of the model. Tést was filmed by the same digital
camera. The test was carried out at air veloodfeS, 10 and 15 m/s which correspond
to Reynolds number values of 26790, 53580 and 808%pectively at only zero
yawing position.

In order to investigate aerodynamic properties ttaively, pressure along all
sides of the model was measured using pressureeprabd manometers. Pressure
probes were installed at the centerline of each isidhe positions shown in figure (1).
The manometers used were well-type manometers 2Gitkegs for each manometer
that used water as its fluid. The pressure measmmvere carried out at velocities of
10, 15 and 20 m/s which correspond to Reynolds eumalues of 53580, 80370 and
107160 respectively at both yawing and zero yawiagitions. Using these pressure
measurements, the pressure coefficients were aesécublong all sides of the model
from which pressure distributions were obtaineanfrithese pressure distributions, a
view of the behavior of the stream flow around thedel was deduced for both
positions. The lift and drag coefficients were o#dted at zero yawing position. Also
the drag coefficient was calculated using anothezthod by using a force
dynamometer. This method was a more direct wagddgulating the drag coefficient
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since the actual force was directly measured. Héee,model was connected to the
dynamometer by means of a metallic wire. The expemt was carried out at

velocities from 5 to 30 m/s at only zero yawingigoa. All experiments were carried

out at Reynolds number values based on the widtheagharacteristic length of the
model.

3. RESULTS AND DISCUSSIONS

3.1 Flow Visualization

Flow visualization experiments were carried out énder to gain qualitative
information about the flow behavior around the lmedel. In order to do so, two sets
of experiments were carried out; the first by usinfjs technique and the second by
using the smoke.

3.1.1 Tufts experiments

Figure (2) shows the behavior of the flow around bus at zero yawing position.
Figure (2a) shows the flow behavior over the rdahe bus model. From this figure it
is clear that a high level of turbulence existthatleading edge of the roof until x/L =
0.2 which is formed by the vortices existing dustidden change of the flow from the
frontal area of the bus model to flow over the top.

By examining the behavior of the tufts over the madel roof, it can be found
that at its centerline the tufts are in straightfation. This indicates that the flow is
directed smoothly in this region from the leadinlye towards the trailing edge of the
roof. At the side of the roof, the direction of thufts shows that there is a lateral flow
from the centerline towards the sides of the buslehooof but this lateral flow
becomes more noticeable at x/L > 0.7.

=
g

) e SR e, el '! ﬁp, 'y

”“""-\Wf

DI T 5 5 8 ‘T\r\""‘\\'\"— ~

SATY \\\\\‘\\ T e *1—“""—\..

0 01 0.2 0.3 0.4 05 0.6 o7 0.8 09 1

a - Top View

S —
T e i

0 01 0.2 0.3 04 05 06 o7 0.8 09 1

b - Side View
Figure 2 : Tufts tests at zero yaw at Re = 107160.
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Figure 3 : Tufts tests at yawing position at Re35&D.

Further examination of the side of the bus modelslzown in figure (2b), it is
clear that high level of turbulence exists at thading edge of the side surface until
x/L = 0.2 while the direction of the tufts furthaveling at the side shows that the air
flow is directed from the roof to the sides of thes towards downward direction
which also becomes more noticeable at x/L > 0.7s Will definitely have an impact
on the lift forces which will be discussed later.

The flow behavior observed when the bus model veagey by an angle of 10° to
the direction of flow is shown in figure (3). Figu(3a) shows the flow behavior over
the bus model roof. It indicates high level of wignce at the leading edge as found
before but the flow was directed from the windwaide towards the leeward side at
the frontal half of the roof. The opposite was fddar the back half of the roof. This
may be explained by the formation of vortex floneothe bus due to yawing. Figures
(3b) and (3c) show the flow at the leeward and wiadl sides respectively. From
these figures it is clear that the flow moves uglsadrom the windward side over top
and then flows downwards at the leeward side. Tdvenvard flow in case of yawing
IS more intense than that in the case with zerarygw
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In both positions, by increasing Reynolds number #ame flow pattern is
maintained but with increasing turbulence intensity

3.1.2 Smoke experiments

Figure (4) shows the results of flow visualizatising smoke which was carried out at
three different values of Reynold numbers. Frors figure, it clear that the flow is a

stable boundary layer flow from the leading edgéhef roof till the step found on the

roof where separation occurs and eddies are fobuetkattachment of the flow exists
near the trailing edge of the roof. This behavibthe flow over the roof of the bus

model governs the lift and friction drag characitcs.

c-Re =107160

Figure 4 : Smoke tests at different values of R&ynambers

3.2 Pressure Distribution

The study of pressure distribution over the bodyhef bus model is important as the
pressure distribution data can be analyzed in dadealculate the form drag, lift forces
and side forces. The data of pressure distribugi@r any surface of the bus model is
presented using the pressure coeffici€hf) (which is a normalized way of expressing

static pressure, [20]. The pressure coefficientilsulated from the following equation:

P—F,

1
Zape
Z,aV

Cp = )

3.2.1 Pressure distribution at zero yawing position

Figure (5 a to ¢) compares the pressure coefficettie front of the bus model to that
at the rear side at different values of Reynoldsiber. From the figure it is clear that
for all the examined values of Reynolds number,pifessure coefficient decreases by
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increasing the vertical distance away from theioragH = 0. This is valid only for the
front side of the bus model. At the rear side af us model, £increases to a
maximum value at z/i 0.5 and then decreases. For the rear side, inegegsynolds
number decreases the pressure coefficients apphecidis indicates that the increase
of Reynolds number increases the vortices behiadbtis model leading to the increase
of the pressure difference between the front amd lthck. The latter leads to an
increase in the form drag. It is also noticed that least pressure difference between
the front and rear sides is found to occur at z/l8.5 for all examined values of
Reynolds number.
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Figure 5 : Front and back pressure distributiodifférent values of Reynold Numbers
(no yaw).

Figure (6) shows the pressure coefficient measatetthe right side of the bus
model at zero yaw. Figure (6a) shows that at R&8586 the pressure at the leading
edge of the side is low then it increases and pabk4. = 0.21 then it decreases to a
minimum at x/L = 0.41. It peaks again at x/L = Q.B4lecreases to a second minimum
at x/L = 0.77 and starts to rise again till thelimg edge of the side. This shows that
there is a pressure cycle at the side of the budehai this Reynolds number. It is to
be noted that the pressure in all cases is lowan the reference pressure. When
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Reynolds number is raised to 80370 it is noticeanfifigure (6b) that the pressure
coefficient starts with a value very near to thafigure (6a) and peaks at x/L = 0.3
with a value similar to that in figure (6a). Foethange of values between 0.44 < x/L <
0.64 the value of the pressure coefficient is yeeohstant. For x/L greater than 0.6 it
decreases reaching a minimum at x/L = 0.75 and r@gmin. By raising Reynolds

number to 107160 (figure (6¢)) a nearly typicalveuto that of (6b) but the values of
the pressure coefficient are lower except thermisecond minimum obtained and the
pressure coefficient has low values at the endhefsides. From figure (6) it is clear

that changing the air velocity around the bus madfdcts the pressure distribution
along the sides. The values of this pressure aeafected in a way that increasing
Reynolds number decreases the pressure at the sides
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Figure 6 : Right side pressure distribution atedé#ht values of Reynold Numbers
(no yaw).

Figure (7) shows the pressure distribution at tpe dnd the bottom of the bus
model at three values of Reynolds number. It isarcligom this figure that the
coefficient of pressure at the top is generallyhkigthan that at the bottom and the
difference between the values of the coefficienp@ssure between the top and the
bottom decreases by increasing Reynolds numbes. difference influences the lift
force exerted on the bus during motion. Increasiggflow’s Reynolds number the
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generated downward force is decreased; i.e. thélife increase. Also, it is noticed
that by increasing Reynolds number the intensity vafiation of the pressure
coefficient increases. Figure (7a) shows thateat=R3580 the pressure at the leading
edge at the top is high. It then starts to decreasiex/L = 0.34. After that it remains
at a nearly constant value until x/L = 0.44 theordases until x/L = 0.52 and remains
constant till x/L = 0.63 after which it decreastisthe trailing edge of the bus model.
This indicates, generally, that by increasing tistatice from the leading edge, the
pressure coefficient decreases which is a generad for all other values of Reynolds
number. Figure (7b) shows the variation of pressoedficient at Reynolds humber of
80370. The pressure coefficient at the leading eddiee roof of the bus model is high
and decreases to a minimum at x/L = 0.24. It pestkg/L = 0.44 and a second
minimum exists at x/L = 0.63 then reaching a pdakla= 0.74 and decreasing till the
trailing edge at the top of the bus model. By iasirg Reynolds number to 107158 as
shown in figure (7c), the same pressure distrilbuis that of figure (7b) exists but
with different values and different positions ofge and minimums.

For the bottom side of the bus model, for all Régaaumbers, pressure at the
leading edge at the bottom is low then increades/ti = 0.24. It then generally
decreases till the trailing edge as shown in fig{) and (7c). This distribution is not
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maintained at lower values of Reynolds number asse of Re = 53580 (figure (7a))
for which the pressure coefficient is nearly cons&@long the bottom side of the bus
model. Therefore, it can be concluded that thespresdistribution at the roof of the
bus model is more important in the determinatiorthef lift force acting on the bus
model than the pressure distribution at the bottom.

3.2.2 Pressure distribution at yawing position

In order to show the effect of crosswind on the maslel at yawing angle 10°, figure
(8) shows the pressure distribution on the sideghef bus model windward and
leeward sides. Figure (8a) shows that at Re = 58&8@ressure at the windward side
is higher than that at the leeward side. The pressithe windward side rises from the
bus model's leading edge then it reaches a maximiuriL = 0.25. It then decreases
till x/L = 0.43 and afterwards remains constaritthie trailing edge of the side of the
bus model. The pressure at the leeward side nises the bus model’s leading edge
till it reaches a maximum at x/L = 0.32 then remsaiearly constant till x/L = 0.52. It
then decreases to a minimum to x/L = 0.7 andsstartise again till the trailing edge.
From the previous discussion it is clear that thesgure at the windward side is
constant except for the frontal area of tlle sif the bus model. However for the
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Figure 8 : Side pressure distribution at diffeneaities of Reynold Numbers (yaw).



Aerodynamic Analysis of a Bus Model 1369

leeward side it suffers from change in values. Tdteer can be explained by the
formation of vortices at the leeward side dependingthe position at the bus side.
Figure (8b) shows the pressure distribution atside of the bus model at Re = 80370.
From this figure it is clear that the trend obtairier the windward side is the same but
the pressure values are increased compared tinthigure (8a) and with the peak at
x/L = 0.22. Also, the pressure distribution at teeward side (in figure (8b)) suffers
from an oscillation that was not noticed in fig¢8a). The pressure at the leading edge
is low then the pressure has two peaks at x/L 2 @r&l x/L = 0.55, two minimas at
x/L = 0.44 and x/L = 0.78. Figure (8c) shows thegsure distribution of the bus model
at Re = 107160, in this case the windward presshiaes nearly the same trend as
figures (8a) and (8b), but the values are very neahose in figure (8b). For the
leeward side, it has similar distribution as thafigure (8b) but with different values
except that after the first peak pressure decretilbad. = 0.43 and remains nearly
constant till x/L = 0.64

Therefore, inducing a yaw on the bus model in kb flirection generally affects
the pressure distribution at the leeward side rtimse the windward side and it could
be concluded from figure (8) that a side force talsathe leeward side exists. This
force tends to move the bus model out of its cousseh force increases by increasing
Reynolds number, also no yawing moment exists.

Under yawing conditions for the front and back sjg@essure distribution has the
same trend as that of a zero yawing position, lreitalues of the pressure coefficients
vary. Despite of varied values, the pressure diffee between the front and rear sides
is about the same values as in case of zero yap@sifion. This leads to small
differences in form drag force between those pmsstiat a given velocity. Also for the
top and bottom sides of the model both the trertthatues at yawing position are the
same as those at zero yawing position but withigiedg differences.

3.3 The Drag and Lift Coefficients

Most of the work carried out to study the aerodyitanof immersed bodies in a fluid
focused on calculating drag and lift forces exemedsuch bodies. For vehicles as
buses, trains and cars, the main concern is tawizgrithe drag and the lift forces.

In the present work, the drag forces on the busetnagre calculated based on
pressure distribution measurements and also memasente using force dynamometer.
Coefficients were calculated in this work at zeasving position. It is known that the
drag coefficient, hence, the drag force has twopmmmnts namely they are; friction
and form.

Friction drag coefficient () can be calculated using the following empirical
formula for a flat plate, Munson et al. [20];

0.072
Cor R s (2)
In equation (2) Reynolds number “Rés based on the length of the plate (model)
turbulent boundary layer is assumed to begin atlé¢laeling edge of the surface.
Equation (2) treats the friction surfaces of the model as separate flat surfaces. The
results of this calculation are shown in figure. (9)s clear that by increasing the free
stream velocity hence Reynolds number, the coefiicof friction decreases as the
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formula implies. Also it is noted that the valuek @ are relatively very low
compared with pressure drag coefficient)Gat a given Reynolds number.

The form (Pressure) drag coefficien@Ccan be calculated based on the pressure
distribution measured using the following equation:

i fCpcosBda
- A

Cop 3)

0.0064 -
0.0062 -
0.006 -

L;'L 0.0058 -

0.0056 -

0.0054 -

Friction Drag Coefficient

0.0052 \ \ T \ \ ]

50000 60000 70000 30000 90000 100000 110000
Reynolds no. "Re"

Figure 9 : Variation of friction drag coefficiertg) with Reynold's Number.

The results of the form drag are present in figaf®. It is clear that the form drag
increases by increasing the flow velocity and heRegnolds number. Also, &z is
much larger compared topcwhere the contribution of the later to total diagery
low.

Total drag coefficient (§) can be calculated by the following formula:

D _ ACpp+A;Chr
1 =
E,aVZA A

Cp = (4)

The formula given by equation (4), considers thetriloution of both pressure and
friction drag forces on the total drag force, basedmeasurements of the total drag
force using the dynamometers 3 directly measured.

Figure (11) shows the comparison between the doafficient calculated from
pressure measurements,p(& and the drag coefficient using force dynamometer
(Cop). From this figure, it is shown that the calcuthtalues of drag coefficient using
pressure measurements are higher than those meaming the force dynamometer.
This can be due to an incorrect accounting forgra@ected area when calculating
values of drag coefficient.

It is also clear from figure (11) that the variatiof G,y with Reynolds number is
similar to that of @y with Reynolds number. This is because the corighuof
friction drag force is very small such that it doex affect the trend of the total drag
force. Also the variation of £ with Reynolds number has some similarity with that
Cowm, as it increases with Reynolds number but witlfiediint values and slope, which
could be due to improper accounting of the froatak of the bus model.
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The lift coefficient was calculated using the dafatained from the pressure
measurements of the top and the bottom sides dbukemodel. Lift coefficient (G
can be calculated by:

. ffpliﬂ
= w

C. ®)

Figure (12) show the results of calculating € is clear that the lift coefficient is
negative Hence the total lift force on the modehdting downwards increasing the
stability of the bus model. Also increasing the Rags number increases the value of
the lift coefficient.
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Figure 12 — Variation of lift coefficient (¢ with Reynold's number.

4. CONCLUSIONS

Based on the present experiments, it was foundttieaform drag acting on the bus
model increases by increasing the air velocity alsd that the pressure distribution at
the rear of the bus is much more affected by ttengh in velocity rather than the
pressure distribution at the front of the bus modieke coefficient of drag component
that mainly dominates the total drag coefficienthis form drag coefficient while the
friction drag coefficient has negligible contribari

The pressure distribution at the sides of the busse of zero yaw showed cyclic
variation of pressure, but these pressure varigitidie out by increasing the air
velocity.

The lift force on the bus model increases by tlweeiase of the velocity and the
pressure distribution at the roof of the bus isatiyeaffected by the change in velocity
compared with the pressure distribution beneatltisemodel.

When the bus model was yawed by 10°, side forcstexind its value increases
by the increase of velocity. Also it was found thatyawing moment acts on the bus
model.

The values of lift and drag coefficients at 10° ydia not vary appreciably from
their values at zero yaw.
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